Electrochemical synthesis of polypyrrole (PPy) and polypyrrole/activated carbon (PPy/AC) -composite films, with a thickness between 0.5 and 15 μm were performed in a three electrode cell containing 0.1 mol dm -3 Py, 0.5 mol dm -3 NaClO 4 dissolved in ACN, and dispersed particles of AC (30 g dm -3 ). Electrochemical characterization of PPy and PPy/AC composites was performed using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques. The linear dependences of the capacitance (q C ), redox capacitance (q red ), and limiting capacitance (C L ) of PPy and PPy/AC -composite films on their thickness (L), obtained by electrochemical and impedance analysis, indicate a nearly homogeneous distribution of the incorporated AC particles in the composite films (correlation coefficient between 0.991 and 0.998). The significant enhancement of q C , q red and C L , was observed for composite films (for 40±5%) in respect to that of the "pure" PPy. The decreased values of a volume resistivity in the reduced state of the composite film, ρ = 1.3×10
Electrochemical capacitors (ECs) as power devices, with the possibility of completely charging or discharging in seconds, have an important role in complementing or substituting conventional batteries [1] . Depending on the charge storage mechanism, as well as the active material used, two types of ECs can be distinguished.
The first type is a double layer kind of capacitance that uses carbon-based active materials with a relatively high electronic conductivity, electrochemical stability and acceptable cost [2, 3] . The power and energystorage capabilities of these devices are closely linked to the physical and chemical characteristics of carbon electrodes. For example increases in specific surface area obtained through the activation of carbon, generally lead to an increased capacitance [3] [4] [5] .
A second group of ECs, known as pseudocapacitors or redox supercapacitors, uses fast and reversible surface or near-surface reactions, Faradaic chemical processes. Transition metal oxides, as well as electrically conducting polymers (polyaniline, polypyrrole, polythiophene and their derivatives), have been tested in EC applications as pseudocapacitance materials [6] .
In the case of the conducting polymer materials, it becomes somewhat difficult to distinguish whether the charging process is to be considered as the double layer Correspondence: T. Grchev type or a redox pseudocapacitance nature [1] . However, the capacitance developed on a conducting polymer holds a Faradaic origin with process of chemical/ /electronic changes like formation or removal of radical cation or radical anion centers indicating a pseudocapacitance character [6] [7] [8] [9] .
Among the conducting polymers known to date, ones based upon polypyrrole (PPy) have attracted great attention because of their excellent environmental stability, tuned electrical conductivity and biocompatibility [10, 11] , and potential technical application in various fields, such as in electronic and electrochromic devices [8] , electrode material in supercapacitors [6, 9] , sensors [12] , light-weight batteries [13] , membrane separation [14] , corrosion protection [15] [16] [17] or substrates for tissue engineering [10, 11] .
When used as bulk materials, conducting polymers suffer from a limited stability during cycling that reduces the initial performance [18] . The mechanical properties and electrochemical stability might be improved via preparation of graft and block copolymers [19] , as well as systems comprising two electrochemically active components [3, 6] , one with a double layer capacitance, (carbon fibers or carbon black), and the other, with a pseudo-capacitance (Faradaic) features (electroconducting polymers, such as PPy) [20, 21] .
Thus, Kim et al. [3] prepared PPy/vapor grown carbon fibers/AC (PPy/VGCF/AC) composites characterized by both, pseudo and electric double layer capacitance. As observed by cyclic voltammetry, the specific capacitances of composites in 6 mol dm -3 KOH raises from ∼165 F g −1 for 5 wt.% AC, to ∼338 F g −1 for 60 wt.% AC in electrodes of 2 nm-thick PPy film deposited on a highly conductive carbon fiber.
One of the techniques of capacitance enhancement and supercapacitors life-cycles, nanocomposites based on electronically conductive polymers and carbon nanotubes [4] and / or conductive carbon powder have been prepared [5] . It was shown [4] that the specific capacitance of such systems increased with both, the nanotubes amount, and the PPy content in the composites.
Despite the advantages of carbon nanotubes concerning their mechanical, thermal, electrical properties, as well as their big specific area, very complex techniques for their synthesis, hence their high cost, and severe human's health impact especially during their handling, could be considered as their serious drawbacks [22, 23] .
Therefore, in our study as a component responsible for double layer capacitance of the composite material we have used activated carbon. We have shown [21] that incorporation of the AC particles in the PPy -matrix sharply increases the electronic conductivity from ∼200 F g -1 for a neat PPy films to ∼530 F g -1 for PPy/AC composites containing ∼55 wt.% AC, results very similar to those elaborated in the literature for similar systems involving nanocomposites [4, 24] .
Our further research was concentrated on the synthesis of PPy and PPy/AC composite films with thicknesses ranging between 1.5 and 15 μm, from nonaqueous, acetonitrile (ACN) solution containing 0.1 mol dm -3 Py and dispersed particles of activated carbon (AC). The concentration of the AC particles in the solution for electrochemical polymerization was 30 g dm -3 . The obtained composites were investigated by cyclic voltammetry and electrochemical impedance spectroscopy (EIS).
The increased conductivity noticed among the "neat" PPy films with higher thicknesses, and also at PPy/AC composites over that of the "pure" PPy film, has been discussed in relation with the developed microporosity of composite films and facilitated diffusion of doping anions in the films bulk.
Different equivalent electrical circuits were used to fit the experimental impedance data at anodic (0.2 V/SHE) and cathodic potentials (-0.6 V/SHE) at which the PPy as a pure polymer film and in the composites as well, are in the conducting and insulating states, respectively. As proposed [24] , the electrical circuit model parameters for the best fitting suggested by the simulation software, describe the behavior of the porous structure, anion diffusion, and charge transfer effect.
EXPERIMENTAL
High grade chemicals: pyrrole (Py, Merck), acetonitrile (ACN, Merck), sodium perchlorate (Aldrich), and activated carbon (AC, Merck) were used as received.
Specific area of activated carbon of ∼ 540 m 2 g -1 was determined using spectrophotometric method (λ ≈ 570 nm) and methylene blue as an absorbate.
Electrochemical synthesis of PPy and PPy/AC composite films were carried out by Chronoamperostat CEAMD 6 -Tacussel, in the three electrode cell containing 0.1 mol dm -3 Py and 0.5 mol dm -3 NaClO 4 (used as doping agent) dissolved in ACN, and dispersed AC particles (30 g dm -3 ). The sedimentation of AC particles during the process of electrochemical synthesis was efficiently prevented by the agitation of the solution with purified nitrogen (∼120 bubbles min -1 ). Polymerization was performed with constant current of 2.0 mA cm -2 and the electrode potential of this process varied between 0.95 and 1.05 V/SHE. As shown previously [25] an anodic (polymerization) charge of 0.36 C cm -2 is necessary for deposition of 1 μm PPy film. The polymerization process was performed within suitable time period necessary to obtain the previously assigned thicknesses of PPy in the "pure" polymer and in the composite films as well. The content of AC in the composites was determined by elemental analysis (EA).
A thermostated glass cell (25 °C) with three electrode system, consisting of working, auxiliary and reference electrode was used during the synthesis and electrochemical characterization of the polymer and composite films. A platinum electrode with surface area, A = 1.7 cm 2 , was used as working electrode; platinum foil (∼20 cm 2 ) as an auxiliary electrode and saturated calomel electrode as reference electrode. All potentials were measured versus saturated calomel electrode (SCE) and are referred to the standard hydrogen electrode (SHE).
Polypyrrole (PPy) and the composite PPy/AC films were investigated using cyclic voltammetry and electrochemical impedance spectroscopy (EIS) at constant potentials in acetonitrile (ACN) solution containing 0.5 mol dm -3 NaClO 4 . The cyclic voltammetry measurements (potentiostat connected to function generator, Institut für Physikalische Chemie und Elektrochemie, Heinrich HeineUniversität Düseldorf) were performed in the potential window from 0.95 to -0.6 V/SHE, and sweep rates ranging from 2 to 30 mV s -1 . EIS measurements (frequency response analyzer TF 2000, Institut für Physikalische Chemie und Elektrochemie, Heinrich Heine -Universität Düseldorf) were carried out in the frequency range from 100 kHz to 10 mHz at constant potential of 0.2 V/SHE, for the characterization of doped, and -0.6 V/SHE for the undoped state of PPy and/or PPy/AC composite films; with a.c. signal of 5 mV. The experimental results were fitted using software developed by Boukamp [26] .
RESULTS AND DISCUSSION

Cyclic voltammetry
Electrochemical synthesis of PPy and PPy/AC composite films was performed at constant current density (2.0 mA cm -2 ) from ACN electrolyte containing 0.1 mol dm -3 pyrrole, 0.5 mol dm -3 NaClO 4 and dispersed AC particles (30 g dm -3 ). The thicknesses of PPy (from 0.5 to 15 μm) as a "pure" polymer, and as a constituent in the composite films were regulated by parameter Q using the Eq. (1):
where Q is the anodic charge of formation (C cm -2 ), and it was taken to be 0.36 C cm -2 μm -1 [25] , while y is the doping level of the obtained PPy (usually 0.2-0.3), the density ρ PPy = 1.51 g cm -3 [21] , M Py is the molar mass of the pyrrole repeating unit and 4 
ClO
M − the molar mass of the ClO 4 -doping anion, and F is the Faraday constant. As it was previously found the doping level of ClO 4 -in ACN solution was found to be 0.245 and 0.24 at the polymerization potentials of 0.95 and 1.05 V/SHE, respectively [25] . Regarding the thickness of polypyrrole (PPy) and composite (PPy/AC) films, as a first approximation, the same density of both has been taken (ρ PPy ≈ ≈ ρ PPy/AC ≈ 1.51 g cm -3 ). Cyclic voltammograms of PPy and PPy/AC composite films in 0.5 mol dm -3 NaClO 4 obtained in potential range of -0.6 to 0.95 V/SHE, and scan rates of 2 to 30 mV s -1 are presented in Figure 1 . The linear dependences of capacitance current (j C ) on sweep rates (dE/dt) for different thicknesses (5, 10 and 15 μm) of "neat" polymer and composite films are shown in Figure 2 , while the corresponding voltammetric parameters are enclosed in Table 1 .
Our observations of redox charge (q red ) and capacitance (q C ) enhancement for about 40% of PPy/ACcomposites in respect to that of PPy-film confirm our previous observations [21] and literature data of similar systems [3, 27] . Hence, q red and q C values from 283 C g -1 (216 F g -1 ) for "pure" PPy-film increased to ∼385 C g -1
, for the PPy/AC composite films. q red was calculated by the integration of an area under the voltammetric curves, Figure 1 , and the values of the capacitance, q C , were obtained according the Eq. (2) (as a slope of the linear j C /(dE/dt) plots), Figure 2 [28, 29] . The ratio q C /q red usually ranged about 0.8, for both, PPy and PPy/AC composite films, demonstrates a primary contribution of the capacitive component in the total current (j total = j c + j F ). Significantly increased values of q red and q C for the composites are essentially attributed to the increased area of the solution / composite film interface and/or its capacitance similar to that shown for arrangements comprising electroconducting polymers and carbon based constituents [24, 30, 31] . Namely, in the case of the composite film mainly two processes take place: charging/discharging of the double layer AC particles/ /solution interface and the redox processes of the bulk PPy film [7, 32, 33] : it is known that the electrochemical behavior of PPy films is mainly based on their doping (oxidation)/undoping (reduction) processes, accom- -is a doping anion to compensate positive charges generated during oxidation processes, and y is the doping level.
The processes of doping (oxidation) of PPy films using the perchlorates are characteristic for the anodic potential range (0.9 --0.2 V/SHE), while in the cathodic range (-0.2 --0.6 V/SHE) PPy exists in its undoped (reduced) form.
The incorporated AC particles with their redox characteristics contribute to the redox behavior of the composite films. It is considered that the oxygen groups at the surface play the main role in the electrochemical behavior of activated carbon. The electronic conductivity of the activated carbon, mainly, does not depend on the potential, so as it was expected, their presence in the composite films provides a good conductivity, at both oxidized and reduced state of polymer films. It was suggested that the synthesis of films with higher thicknesses and/or presence of AC particles increases the porosity of the composite films, which facilitate the ClO 4 -penetration in the films during doping, as well as their easier ejection during undoping processes [34] .
The increased values of the capacitances of composite films in respect to those of "pure" PPy film, as well as, the linear q red /L and q C /L plots (correlation coefficient between 0.991 and 0.998), Figure 2 and Table 1 , indicate a relatively homogenous distribution of the AC particles irrespective to the thickness of the composite films.
Electrochemical impedance spectroscopy (EIS) study
The study performed by electrochemical impedance spectroscopy (EIS) confirms the electrochemical behavior of PPy and PPy/AC composite films shown in Figures 1 and 2 , and Table 1 .
Bode plots (log Z -log f, and ϕ -log f) of PPy/AC composite films with doped state of PPy (E = 0.2 V/SHE), are presented in Figure 3 .
The impedance behavior of composite films indicates the existence of two regions:
The first one, between 100 kHz and ∼10 Hz, with a small and almost constant values of the impedance, Z, and the values of the phase angle, ϕ, between 0 and -60°, is mainly attributed to the ohmic behavior of the electrolyte between the working and the reference electrode.
The second frequency range, f ≤ 10 Hz, where Z and ϕ linearly increase in accordance with a "finite diffusion model" of Ho et al. [25, 32] , characterized by the existence of the diffusion controlled doping/undoping processes in the bulk of the composite films [32, 33] . The impedance characteristics of the PPy/AC systems are summarized in Table 2 , where R el -resistance of the electrolyte (Z' ≈ R el = ∼13 Ω cm 2 , determined at f → ∞), R L -limiting resistivity of the films, R total -total resistance (R total = R el + R L ), extrapolated at very low frequencies (Z' ≈ R total , at f → 0), C L -limiting capacitance of the film, and D -diffusion constant of doping anions.
The values of the limiting capacitance, C L , listed in the Table 2 , are calculated from the linear plots: -Z"/(1/ω), shown in Figure 4 , according the Eq. (3):
where ω is an angular frequency (ω = 2πf).
The linear dependences of C L of polymer and composite films on their thicknesses are shown in Figure 5 . Increasing values of the limiting capacitance, C L , of the PPy/AC composite films compared to that of a "pure" PPy films, Figure 5 , is in accordance to the previously calculated values of q C . Namely, limiting capacitance (C L ) of the composite films, takes values of ∼260 F g -1 (∼73 A h kg -1 ) compared to ∼180 F g -1 (∼50 A h kg -1 ) for the PPy film, which is very close to those of similar systems [35] .
The diffusion coefficient, D, of the doping anions (ClO 4 -), for PPy/AC composite films, is calculated by equation: 2 
L L D L R C
= , according to the diffusion model of Ho at al. [32] . It is obvious that for relatively small thicknesses, the diffusion coefficient takes values in the order of magnitude of 10 -9 cm 2 s -1 (increasing with the thickness of the composite films, Table 2 ). This phenomenon is most probably result of the facilitated transport of the doping anions in the bulk of the composites, that could be ascribed, as it was shown in the literature, to the increased amount of both, PPy and AC particles in the films [19, 36] . The values of the diffusion coefficients which depend on the thickness and morphology of the film, the synthesis condition, as well as the nature of the doping anion, are in accordance to the literature data [19, 25, 33, 36] . Thus, Malviya et al. found that the diffusion coefficient of a less voluminous chlorine anion in PPy system is of the order of magnitude of 10 -7 cm 2 s -1 [36] . Nyquist (-Z" vs. Z') plots of PPy and composite PPy/AC films, for the conducting state of polymer component, are presented in Figure 6a and b.
The impedance behavior of "neat" PPy and/or PPy/AC composite films, for the best fit of the experimentally obtained data, in the conducting state of PPy (E = 0.2 V/SHE), as suggested by the simulation software developed by Boukamp [26] , can be described by a simple RQ equivalent electrical circuit (EEC), presented in Figure 7a [31, 37] . On the other hand, it appears that EEC presented in the Figure 7b [19, 31, 37] gives significantly better agreement to the -Z"/Z' plots, Figure 6a and b. Such a behavior has been observed mainly for composite films with the thicknesses higher than 2.5 μm.
The best fitting parameters of R(QR)Q equivalent electrical circuit (Figure7b) for PPy and composite PPy/AC films, as proposed by the software, are given in Table 3 . R el denotes the ohmic resistance of the electrolyte, R ct is proportional to the charge transfer resistance, the element Q 1 (with the exponential coefficient n 1 ), known as constant phase element (CPE), correspond to the double layer capacitance, C dl (
). For L PPy ≥ 2.5 μm the coefficients n 1 takes similar values for both, PPy and PPy/AC films, indicating diffusion or mixed (ohmic-diffusion) control at the film/solution Table 3 , and the limiting capacitance, C L (39.4 mF cm -2 μm -1 ), obtained using the -Z"/(1/ω) dependences, is most probably result of the different EECs considered. Namely, the simple RQ circuit, Fig. 7a , was applied during determination of C L , while Q 2 values are obtained with the R(QR)Q EEC, more consistent with the experimentally obtained data (Fig. 7b) . Bode and Nyquist plots in Figures 8 and 9 , respectively, concern the features of PPy film (5 μm) in doped (E = 0.2 V/SHE) and undoped (E = -0.6 V/SHE) states, indicating some qualitative and quantitative differences in the impedance behavior of PPy and composite PPy/AC films in both, doped (conducting) and undoped (insulating) state of PPy. When undoped state of PPy, "neat" and as a part of composite PPy/AC films is concerned, the dominant semicircles in -Z"/Z' plots, Figure 9 , attributed to the charge transfer processes at the polymer/solution interface, and the linear part of these dependences, at very low frequencies, characteristic for diffusion controlled processes, Warburg impedance [35] , can be expressed by the EECs in Figure 10a and b. Namely, the simpler EEC, Figure 10a , has been used for fitting the data obtained for the films with lower thicknesses, while for the systems with higher thicknesses, a more complex EEC, Figure 10b , should be applied.
The ohmic charge transfer resistance, R ct , depends on both, the film thickness, and the quantity of AC particles in the composite film. The presence of the AC particles in composite film reduces the volume resistivity, ρ, for about two orders of magnitude in respect to that of the PPy-film. Thus, ρ = 7×10 4 /7.5×10 -4 -10 8 Ω cm (the R ct value is ∼70 kΩ cm 2 ) for PPy film (Figure 9a ), while ρ of the PPy/AC composite film, with the same thickness (Figure 9b ), takes value of 1000/7.5×10 -4 = = 1.3×10
6 Ω cm (R ct ≈ 1 kΩ cm 2 ). Such a behavior is most likely related to an increased conductivity and microporosity of these films. Two types of conductivities are characteristic for PPy/AC composites: ionic and electronic. Composites comprise two independent components: a polymer responsible for ionic conductivity, while AC with its physical and chemical properties provides the electronic conductivity of these systems, which mainly depends on the concentration of AC particles in the composites, and is almost independent on the given potential.
CONCLUSIONS
Polypyrrole (PPy) and composites based on polypyrrole/activated carbon (PPy/AC), with the thickness of PPy in both, the "neat" and the composite films ranged 1.5 and 15 μm, were synthesized electrochemically, from non-aqueous, acetonitrile (ACN) solution containing Py (0.1 mol dm -3 ) and constant concentration of activated carbon (AC) (30 g dm -3 ). The obtained composites were investigated by cyclic voltammetry and electrochemical impedance spectroscopy (EIS).
It was shown that the best fitting EEC, for PPy and/or PPy/AC composite films in their conducting state is the R(QR)Q equivalent electrical circuit, and R[Q(RW)] equivalent electrical circuit for the insulating state.
The charge transfer resistance (R ct ) depends on both, the thickness of the films, as well as, the presence of the AC in the composites. A higher quantity of AC in the PPy/AC composites decreases the volume resistivity for two orders of magnitude in respect to a "pure" PPy films, in both, conducting and insulating states (ρ = = 1.3×10
6 Ω cm for the composite PPy/AC film, L = 7.5 μm, and ρ ≈ 10 8 Ω cm for the PPy film with the same thickness).
Based on the previously presented results of the PPy/AC electroconducting composites comprising two electrochemically active components, such as DLC (double layer capacitors)-active carbon and redox properties of PPy, can be effectively used in supercapacitors and/or batteries.
